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An in situ structural description of the origin of the ferroelectric properties as a function of the applied
electric field £ was obtained by synchrotron x-ray diffraction. A setup was used to average the effects of
the preferred orientation induced by the strong piezoelectric strain and solve in situ the crystal structure as
a function of the applied electric field. Hence, we were able to describe the microscopic origin of the
macroscopic ferro- and piezoelectric properties of the most widely used ferroelectric material, lead

zirconate titanate.
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PZT materials with compositions at the morphotropic
phase boundary (MPB) between the tetragonal (P4mm)
and rhombohedral (R3m) phase fields exhibit very high
dielectric and piezoelectric properties which are inten-
sively used for technological applications (sensors and
actuators, microelectromechanical systems, and high fre-
quency devices) [1]. The origin of these effects is either
described by (1) the coexistence of rhombohedral and
tetragonal phases that can be linked with the martensitic
phase transition theory [2] or by (2) the existence of a
monoclinic Cm phase [3].

In the martensitic transition theory, high piezoelectric
response is explained by reorientation of complex nano-
domain structures, whereas the presence of a monoclinic
phase in the PZT phase diagram gives rise to the polariza-
tion rotation mechanism [4]. Although these mechanisms
offer an interesting zero-field description of the micro-
scopic properties, only the entire in situ structural picture
of the ferroelectric properties as a function of the applied
electric field can provide the fundamental information
necessary to understand these materials in their techno-
logical application.

However, application of an electric field results in the
creation of a large strain linked to the piezoelectric effect

[51(0dy;; = % where dy;; is the piezoelectric coefficient,
m;; is the strain, and E; is the applied electric field);
preferred orientation has to be taken into account in the
Rietveld refinement, which makes structure refinement
challenging [6]. This is why in the literature only the
individual electric-field-induced hkl lattice strains
N give objective information [7-10], i.e., My =
(db, — d%))/dY,, where dE,, and dY,, are the (hkl) lattice

spacing with and without field, respectively.
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PACS numbers: 77.84.Cg, 61.05.C—, 77.65.—j, 77.80.Fm

Note, however, that as the sample becomes poled under
field it becomes strained and additional electric field cy-
cling will be obscured by the remanent electric-field-
induced strain for most of the structural reflections, i.e.,
particularly the pseudocubic {002}, reflections which are
known to be quite sensitive to texturing [11]. The subscript
“c” denotes the pseudocubic perovskite unit cell. In this
study, an appropriate setup was used to minimize the
effects of the preferred orientation and solve in situ the
crystal structure as a function of the applied electric field.
Hence, we were able to describe microscopically the
macroscopic physical properties of commercial ferroelec-
tric PZT.

In order to investigate the cyclic poling process of PZT,
we performed x-ray measurements at the high resolution
powder diffraction station of the materials science beam
line [12] at the Swiss Light Source (SLS, Villigen,
Switzerland) using high-energy photons A = 0.443 187 A
to study thin metallized PZT pellets (thickness <100 pm)
in transmission geometry. Commercially available PIC 151
(PI Ceramics, Lederhose, Germany), a soft-doped PZT
with a composition near the MPB, was used as it presents
optimal piezo- and ferroelectric properties (dzz =
500 pC/N), long operation periods, and offers a high
degree of reproducibility. For the experiment, a modified
high voltage sample environment from beam line B2 at
HASYLAB at DESY was installed [6]. The utilized
MYTHEN II detector [13] provided data with an extremely
high signal-to-noise ratio and high resolution together with
a low acquisition time of 10 s per diffraction pattern. The
time to measure a complete ferroelectric hysteresis cycle
was about 20 min.

Because of the diffraction conditions an experiment at
an angle ¢ = 0° is dominated by 7,, whereas ¢ = 90°
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favors 7. Therefore, the sample was mounted at ¢y = 45°
to minimize texture effects, because then the contribution
of n, is similar to the one from 7, [Fig. 1(a)]. This simple
setup permits us to keep the intensity ratio of the tetragonal
200,/002, reflection pair in the appropriate random distri-
bution even for a poled sample, which is a good indication
of the absence of preferred orientation effects in the dif-
fractogram [Fig. 1(b)]. Figure 2 shows the influence of the
applied electric field on this tetragonal reflection pair. It is
consistent with a decrease in the tetragonal intensity while
the rhombohedral-like intensity in between the tetragonal
reflections is increasing with electric field.

Rietveld refinements using the program FULLPROF [14]
were successfully performed to describe the structural
evolution as a function of the applied electric field over
the entire hysteresis cycle, i.e., —2.2 = E = 2.2 kV/mm
range, without any preferred orientation correction. Note
that due to this geometry, the applied cyclic electric field
(—22=E=22kV/mm) resulted in a perfect revers-
ibility of the x-ray diffractograms, which clearly demon-
strates the absence of a macroscopic remanent strain in the
patterns (Fig. 2).

Monoclinic-tetragonal phase coexistence and micro-
strains [15,16] were used for the structural model. As a
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FIG. 1 (color online). (a) 45°-scattering geometry used in the
experiment. Note that the effects texturing (1, = 7,) induced by
remanent strain are minimized in such a configuration. For better
visualization the field induced strain is exaggerated. (b) The
200,/002, tetragonal reflection pair intensity for a PZT sample in
a capillary (blue line), for poled sample with 0°-scattering
geometry (black line), and for a poled sample with 45°-scatter-
ing geometry (red line). The preferred orientation is character-
ized by a strong deviation of the intensity ratio (¢ = 0°).

rhombohedral model could not correctly reproduce the
low-field data, this structural model was abandoned.
Dependent on the structural parameters, the monoclinic
phase can be interpreted as tetragonal, monoclinic, or
rhombohedral [16]. To minimize the number of variables
and stabilize the refinements, tetragonal microstrains were
kept fixed for the applied cyclic electric field. Figure 3
shows the refined x-ray diffractogram of poled PZT
through the continuous sinusoidal acquisition obtained at
0and 1 kV/mm, respectively. The associated refined struc-
tural parameters can be found in Table 1 of the
Supplemental Material [17]. Because of the 45°-scattering
geometry no preferred orientation is detected as mentioned
above. All the typical characteristics, i.e., the changes in
the {002}, reflections as well as high-26 data, are perfectly
reproduced in the range —2.2 = E =< 2.2 kV/mm.

These Rietveld refinements have enabled us to give a
microscopic description of the properties of the ferroelec-
tric hysteresis loop. Figure 4 shows some examples for the
structural behavior of PZT as a function of the applied
electric field. Figure 4(a) exhibits the tetragonal-
monoclinic relative abundance with electric field. Note
that the monoclinic phase exhibits the highest abundance
in the whole electric field range; thus, the discussion of the
structural behavior will mainly be based on this phase. The
monoclinic content first increases by about 15% at
0.6 kV/mm [(1) in the hysteresis cycle (HC)]. Above
1 kV/mm, the content saturates to about 75% at
2.2 kV/mm. When the field decreases, (2) in HC, the
monoclinic abundance continuously decreases even when
the sign of the electric field is reversed, (3) in HC, and will
only increase again above —0.7 kV/mm with a 15% jump
centered at —0.9 kV/mm. Again the monoclinic content
saturates at about 75% above —1.2 kV/mm. When the
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FIG. 2 (color online). Influence of the applied electric field on
the 002, reflection, (a) from 0 to 2.2 kV/cm, (b) from 2.2 to
0kV/cm, (¢) from 0 to —2.2 kV/cm, and (d) from —2.2 to
0 kV/cm. The insets show the position in the corresponding
hysteresis cycle (HC) for the same range of electric field (1)—(4).
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FIG. 3 (color online). (a) Rietveld refinements of PZT at
0 kV/mm and (b) 1 kV/mm. The difference plot has same scale.
The vertical tick marks indicate the calculated positions of the
P4mm phase (top) and Cm phase reflections (bottom). The insets
show the corresponding HC for the same range of electric
field (1)—(4).

applied electric field decreases, (4) in HC, the content
decreases again to an abundance of 63% at 0 kV/mm.
However, the refinements are of high quality as the
relative abundance is consistent with a butterfly shape,
which is a characteristic macroscopic signature of these
materials [1] and can be found, for instance, in field-strain
and field-dielectric constant diagrams. Additionally, it is
obvious that the 15% jump, which occurs at 0.6 and
—0.9 kV/mm, respectively, is consistent with the
0.8 kV/mm coercive field of the material, i.e., the electric
field value required to flip the spontaneous polarization.
Finally, Fig. 4(a) gives interesting information on the ori-
gin of the MPB properties, i.e., the martensitic phase
transition theory [2] versus the existence of a monoclinic
Cm phase [3]. If the martensitic model was correct, the
nanotwins should detwin under field and the phase fraction
of tetragonal phase should increase with respect to the
monoclinic or twinned phase, which is opposite of what
is observed. Therefore, our results strongly support the
existence of a monoclinic symmetry for the MPB in PZT
as a function of the applied electric field. An extensive
transmission electron microscopy study by convergent

50 - ® Monoclinic Ratio
O Tetragonal Ratio

A
4_4_"/

2 1 12
E (kV/imm)

E (kV/mm)

FIG. 4 (color online). (a) Monoclinic-tetragonal phase fraction
(%) and (b) isotropic mean square displacement of the lead atom
in the monoclinic phase B, (Pb),,. The inset shows the corre-
sponding HC for the same range of electric field (1)-4).

beam electron diffraction [18] across the MPB provides
further evidence of the existence of monoclinic symmetry
within microdomains.

The high quality and reproducibility of the Rietveld
refinements is further demonstrated by the electric field
dependence of the mean square displacement of the lead
atom [B;,(Pb),,] in the monoclinic phase [Fig. 4(b)]. This
structural parameter is associated with the disorder of the
considered atom [19]; it is, therefore, very sensitive to any
structural change. Hence, its electric field dependence and
dispersion can be viewed as a good measure of the quality
of the Rietveld refinements.

Based on the results described above, the monoclinic
phase was found to be the most representative, particularly
in the high electric field range. Of particular importance is
the high accuracy of the refined Bj,(Pb),,. This is due to
the large d-range spacing (0.5-6.3 A) obtained using
A =0.443187 A in our experiment. In addition and due
to the hard x rays used, the scattered intensity is dominated
by the lead atoms. B;,,(Pb),, increases with electric field,
(1) in HC, and reaches a maximum of about 2.63 A” at
0.5 kV/mm.

Above this field, B, (Pb),, returns back to a value of
about 2.4 A% and stays there up to the highest electric field.
When the field decreases, (2) in HC, B;,,(Pb),, stays con-
stant until the field is reversed. Then, (3) in HC, the mean
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squared displacement exhibits again a maximum at about
—0.9 kV/mm and decreases to a value of 2.25 A” at the
maximum field in the opposite direction. When the nega-
tive field goes back to zero, (4) in HC, B, (Pb),, increases
smoothly to 2.4 A2 without any further anomaly.

It is interesting to note that the anomalies in the mean
square displacement of lead are always linked to a change
in sign of the spontaneous polarization [(1) and (3) in HC].
It means that the polarization flipping can unambiguously
be detected by our structural study. One has to keep in mind
that lead atoms are located in noncentrosymmetric posi-
tions; i.e., they have polar displacements in the PZT struc-
ture. It 1is, therefore, reasonable to associate the
polarization flipping carried out by these polar atoms
with a maximum in the disorder parameter of lead; i.e.,
B;,(Pb),, characterizes the maximum of the entropy. Note
that this effect can also be observed for lead atoms in the
tetragonal phase, but is less pronounced due to the small
phase fraction. In addition, this anomaly could also clearly
be observed in the other structural parameters as, for
instance, the electric field dependence of the atomic posi-
tions and unit cell parameters. The refined structural pa-
rameters were finally used to calculate the piezoelectric
properties of the PZT sample. The calculated value of the
piezoelectric coefficient ds; of PZT based on the structural
parameters obtained in the Rietveld refinements and mac-
roscopic measurements of ds; are in remarkable qualitative
agreement; see the Supplemental Material [17].

In conclusion, in situ x-ray diffraction experiments on
high performance PZT materials as a function of an applied
electric field were performed with a 45°-scattering geome-
try. Thus we minimized the effects of preferred orientation
and carried out reliable Rietveld refinements. The applica-
tion of an electric field revealed an increase of the mono-
clinic phase fraction. During the bipolar cycling the structure
shows a fully reversible switching between zero field and
maximum field resulting in a relative abundance plot with a
butterfly shape similar to the characteristic macroscopic
strain loop [Fig. 4(a)]. Note that this setup could be used
in other studies, involving homogeneous strains as a function
of other intrinsic physical parameters, i.e., stress, magnetic
field, etc. The structural information obtained provides an
accurate microscopic description of the macroscopic piezo-
and ferroelectric properties of PZT materials. Such informa-
tion is a major goal of materials science studies and gives the
appropriate structural picture of a functional material under
in situ conditions as they occur in technological applications.
These results will be useful for the design and optimization
of higher performance materials.
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